Magnetovibrational coupling in small cantilevers by Kovalev, Alexey A. et al.
ar
X
iv
:c
on
d-
m
at
/0
30
31
14
v2
  [
co
nd
-m
at.
me
s-h
all
]  
9 J
ul 
20
03
Magnetovibrational oupling in small antilevers
Alexey A. Kovalev and Gerrit E.W. Bauer
Department of NanoSiene, Delft University of Tehnology,
Lorentzweg 1, 2628 CJ Delft, The Netherlands
Arne Brataas
Department of Physis, Norwegian University of
Siene and Tehnology, N-7491 Trondheim, Norway
(Dated: November 11, 2018)
Abstrat
A nano-magnetomehanial system onsisting of a antilever and a thin magneti lm is predited
to display magnetovibrational modes, whih should enable appliations for sensors and atuators.
The polaritoni modes an be deteted by line splittings in ferromagneti resonane spetra.
PACS numbers: 76.50.+g,42.50.Vk,75.80.+q
1
Two unonventional roads into the realm of nano-sale devies may lead to useful results
in the not too distant future, viz. magnetoeletronis
1
and nano-eletromehanial systems
(NEMS).
2
In magnetoeletronis, the spin degree of freedom of the eletron is employed
for new or extended funtionalities, whih an be used e.g. in random-aess memories
(MRAM),
3
whereas advaned sensing and atuating have been realized by mehanial sys-
tems, though yet limited to the mirometer sale (MEMS).
4
With the notable exeption of
mehanially deteted ferromagneti resonane (FMR),
5
these two elds have surprisingly
little overlap. Here we demonstrate that a ombination of a onventional nano-mehanial
struture, namely an elasti bar lamped on one side and freely vibrating on the other
(antilever), displays new physis when ombined with a lm of ferromagneti material
deposited on top of it. We nd theoretially that the lowest vibrational modes of the an-
tilever are mixed with the oherent motion of the magneti order parameter by the magneti
anisotropy. We an translate information arried by rf (mirowave) elds at ertain frequen-
ies eetively into mehanial motion and vie versa. The present ase study leads us to
believe that nanosale magneto-mehanial systems deserve more attention.
Some time ago Benda
6
predited that FMR implies a mehanial torque. Observation of
its eet on the mehanial motion requires small samples, however. Experimental proof of
mehanial detetion of FMR (as well as eletron paramagneti resonane) has therefore been
obtained only reently.
5
In these experiments the torque is deteted by a stati deetion of
a antilever in the presene of DC and AC magneti elds. Here we study a similar system
(skethed in Fig. 1) but onentrate on the high frequeny regime, in whih the magneti
and mehanial motion turn out to be oupled. Traditionally time sales of FMR (usually
at GHz frequenies) and mehanial osillations (in MEMS typially KHz) are dierent and
this mode mixing annot be observed. More reently, NEMS osillate at MHz frequenies or
even GHz,
7
whih is aessible by FMR. The predited eets an be measured for example
by alorimetri tehniques
8
or, indeed, mehanially.
5
We onsider a small dieletri antilever with a single-domain ferromagneti layer de-
posited on its far end (see Fig. 1). A onstant external eld H0 is applied along the y
axis as well as an osillating eld H
x
along the x axis. The eetive eld H
e
felt by the
magnetization onsists of H0 as well as the rystal anisotropy and the demagnetizing elds.
The strains are loalized in the mehanial link of the antilever between the ferromagneti
lm at one end and the other end that is xed. The lattie of the ferromagnet then osil-
2
lates without internal mehanial strains, but rystalline and form anisotropies ouple the
magneti order parameter to the torsional mode of the antilever (the longitudinal mode
does not ause any internal magnetization dynamis).
The magnetization M of the ferromagnet preesses around an eetive magneti eld
H
e
aording to the Landau-Lifshitz-Gilbert equation:
9
dM
dt
= −γM×H
e
+ αM× dM
dt
, (1)
where γ denotes the gyromagneti ratio. The phenomenologial Gilbert onstant is typi-
ally α ≤ 0.01. It will be disregarded in the following for simpliity, whih is valid when
the mehanial damping dominates. To rst order, the deviations from the equilibrium
magnetization in the y-diretion lie in the x − z plane: M = m
x
x + M
s
y + m
z
z, where
M
s
is the saturation magneti moment. Without loss of generality we may take the rys-
talline anisotropy eld ontribution H
A
to be uniaxial and direted along the y-axis of the
system at rest. H
A
rigidly follows the vibration of the rystal lattie desribed by the tor-
sion angle ϕ (see Fig. 1). For small ϕ, the eetive eld osillates in the y − z plane:
H
e
= (H
A
+H0)y + (HAϕ+ νMsϕ− νmz) z, where ν desribes the demagnetizing dipolar
eld (ν ≃ 4π for our geometry). Note that the oupling does not rely on a strong mag-
netorystalline eld H
A
, sine the surfae fores of demagnetizing urrents also provide a
restoring torque. For a thin ferromagneti layer the latter dominates and the magnetization
does not preess, but osillates like a pendulum in the x−y plane due to the osillating eld
in the z-diretion H
e
= νM
s
ϕz.
The torsional motion of the part of the antilever that is not overed by the ferromagnet
an be found applying the variational priniple to the total elasti energy:
10
Eel =
1
2
∫ L
0
Cτ 2dx,
where τ = ∂ϕ/dx and C is an elasti onstant dened by the shape and material of the
antilever (C = 1
3
µda3 for a plate with thikness a muh smaller than width d, a ≪ d, µ
is the Lame´ onstant). T = Cτ (x) is the torque owing through the antilever at point x.
The integration is taken from the lamping point x = 0 until the antilever endpoint x = L.
The equation of motion reads
C
∂2ϕ
∂x2
= ρI
∂2ϕ
∂t2
+ 2βρI
∂ϕ
∂t
, (2)
3
where I =
∫
(z2 + y2)dzdy ≃ ad3/12 is the moment of inertia of the ross-setion about its
enter of mass, ρ the mass density, and β is a phenomenologial damping onstant related to
the quality fator Q at the resonane frequeny ω
e
as Q = ω
e
/(2β). The osillating solution
has the form ϕ = sin(kx)(A1 sin(ωt) + A2 cos(ωt)), where k = ω/c is the wave number,
c = c
t
2h/d and c
t
=
√
µ/ρ is the transverse veloity of sound. The free onstants A1 and
A2 depend on the initial onditions. The lamping boundary ondition ϕ|x=0 = 0 at the
lamping point is already fullled, and the boundary ondition at the end x = L is disussed
in the following.
The onservation law for the mehanial angular momentum Vel for x ∈ {0, L} (without
magneti overlayer) dVel (x) /dt = T (x) , where the torque T has been dened above, is
modied by the oupling to the magnet in a region x ∈ {L, L+∆L} (∆L is the length of
the antilever overed by the magneti layer) as:
d
dt
(
Vel (x) + (− h¯
2µ
B
)M (x)
)
= T (x) +T
eld
. (3)
where T
eld
= h¯
2µ
B
γM × H0 (µ
B
is Bohr magneton). For small amplitudes, V el
x
= N d
dt
ϕ
and T
x
= −Kϕ, where N and K are geometry and material spei onstants. Assuming
∆L ≪ L, internal strains in the magneti setion x ∈ {L, L+∆L} are disregarded. The
magnetovibrational oupling may then be treated as a boundary ondition to the mehanial
problem, whih is expressed as the torque Cτ |x=L exerted by the magnetization on the
antilever:
Cτ |x=L = − h¯
2µ
B
γM× (H
e
−H0) |x −N d
2
dt2
ϕ, (4)
By equating this with the substitution of ϕ in τ , Cτ |x=L = Ck cos(kL)(A1 sin(ωt) +
A2 cos(ωt)) = Ckϕ cot(kL), we obtain in frequeny spae
Ckϕ cot(kL) =
h¯
2µ
B
(−iωm
x
+ γH0mz)− ω2Nϕ (5)
≈ −Cϕ L
2c2
(ω2 + 2iβω − ω2
e
), (6)
where in the seond line the cot has been expanded lose to the resonane frequeny ω
e
=
cπ(1/2 + s)/L ( s is integer, here we onentrate mainly on oupling to the rst harmoni
and s = 0). For negligible damping of the magnetization dynamis, the external rf eld H
x
does not reate any torque along the x axis. N sales like ∆L/L and we therefore disregard
the term proportional to N (as long as N ≪ CLd2/2c2 it only slightly shifts the resonant
frequeny ω
e
).
4
The magneti suseptibility χω = (mx/Hx)ω desribes the linear response of the magne-
tization m
x
to a (weak) rf magneti eld H
x
at frequeny ω and an be found after writing
Landau-Lifshitz equation in frequeny spae with use of Eq. (5):
χω
γ2M
s
V
=
[
ω2 − ω2
m
(H
A
+H0 + νMs)
+
ω2GL tan(kL)
2kc2(H
A
+ νM
s
+H0(1−GL tan(kL)/2kc2))
]
−1
(7)
where G = h¯M
s
V γ(H
A
+νM
s
)c2/ (µ
B
CL) is the magnetovibrational oupling onstant (V is
the volume of the magnet) and the unperturbed resonane frequeny ω2
m
= γ(H
A
+νM
s
)γH
A
.
The imaginary part of χω is proportional to the FMR absorption signal. In the absene of
the external eld H0 the resonane frequenies in the viinity of the resonane frequeny ωe
an be found after expanding cot(kL) as in Eq. (6):
ω1(2) =
√
1
2
[
ω2
e
+ ω2
m
+G± (((ω
e
+ ω
m
)2 +G)((ω
e
− ω
m
)2 +G)
)1/2]1/2
. (8)
When the external eld H0 is smaller than the demagnetizing eld, Eq. (8) holds with
ω2
m
= γ2(H
A
+H0 + νMs)(HA +H0). This fat an be used to tune the FMR frequeny in
order to math the elasti frequeny. In this limit and H0A/(Msβωe)≪ 1, Eq. (7) simplies
to
χω ≈
γ2νM
s
V (H
A
+ νM
s
)
ω2 − ω2
m
+ ω2GL tan(kL)/ (2kc2)
. (9)
Its imaginary part orresponding to the rf absorption is plotted in Fig. 2 for G > 0 (whih
is the ase in our setup). We observe a typial antirossing behavior between an optially
ative and non-ative mode, with level repulsion and transfer of osillator strength. The in-
trinsi damping of the mehanial system (for MEMS Q fators an reah 104, whih quikly
deteriorate with dereasing size, however) imposes an extra damping on the magnetization
dynamis, whih lose to the mode rossing may dominate the intrinsi damping due to a
small Gilbert onstant α disregarded here.
The novel magnetovibrational oupling in our antilever is observable by FMR, but the
signal of nanosale magnets is small. It might therefore be preferable to detet the resonane
by the stati deetion of the same antilever due to an additional onstant magneti eld
HT along the z-axis, as desribed by Lohndorf et al.
11
. In our approximation the eld H
T
reates a torque γM
y
H
T
~x, whose modulation at the FMR onditions should be detetable.
Sine the vibrational frequenies of state-of-the-art artiial strutures are relatively low,
the use of soft ferromagnets (suh as permalloy), is advantageous. The magneti mode fre-
quenies are then determined by shape anisotropies. The FMR frequeny and the mehanial
5
resonane frequeny should not dier by muh more than ∆ω ∼ √G for a pronouned eet.
A Si antilever with a×d×L = (1× 5× 50)µm (C = 10−13Nm2) has a torsional resonane
frequeny of the order of ω
e
= 10 MHz. Taking our ferromagneti layer of dimensions
a1 × d ×∆L = 50nm × 5µm × 5µm (thikness, width and length), then √G ∼ 100 KHz,
meaning that we should tune the magneti resonane to ω
e
±100 KHz to observe the polari-
ton. The neessary rf eld H
x
depends on the elasti and magnetization visous dampings.
At low frequenies additional soures of damping ompliate measurements
12
and the oher-
ent motion of the magnetization an be hindered by domain formation. Coupling to higher
resonane modes
13
or struturing of the ferromagnet may help to arry out measurements.
Downsaling the devie size is most favorable, sine the mehanial resonane frequeny
inreases inversely proportional to the sale oeient, whereas the oupling onstant sales
as the seond power of the inverse oeient.
An atual observation of the predited splittings would give information about e.g. the
magneti moment of the lm and the broadening would yield the quality fator of the
elasti motion. From a tehnologial point of view the tunable damping due to the magne-
tovibrational oupling might be interesting for optimizing swithing speeds. A ferromagnet
eetively absorbs mirowaves and turns them into a preessing magnetization, whih via
the magnetovibrational oupling an be transformed into a oherent mehanial motion.
On the other hand, the ferromagnet may interat with the mehanial motion, to ause a
magnetization preession, whih in turn emits polarized mirowaves. The emission in the
oupled regime is more energy eient in omparison with a xed magneti dipole emission
in the ase of small Gilbert onstant but relatively low mehanial quality fator. This might
be interesting for e.g. on-hip ommuniation appliations.
The present devie an be interpreted as a MASER soure in whih the mirowave av-
ity is replaed by the mehanial resonator. After submission of the present manusript
(ond-mat/0303114), Bargatin and Roukes (ond-mat/0304605) worked out very similar
ideas for nulear spin systems. The magnetization reversal of the ferromagneti tip for pa-
rameters mentioned above an be desribed by semilassial Bloh-Maxwell laser equations
14
with oupling onstant g ∼ 10 s−1 and relaxation rate Γ ∼ ω
m
α, as will be explained in
more detail elsewhere.
To summarize, we have alulated the magneti suseptibility of a system with magne-
tovibrational oupling by magnetorystalline elds or via surfae fores of demagnetizing
6
urrents. A ondition for eetive energy transfer from an external rf magneti eld into
mehanial motion and vie versa has been established. FMR spetra are predited to split
lose to the resonane, and to strongly depend on the mehanial damping. The predited
eets should be observable with existing tehnology, but a further redution of system size
would strongly enhane them.
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FIG. 1: A nano-magneto-mehanial antilever supporting magneto-vibrational modes. On a di-
eletri substrate (suh as Si) a single-domain ferromagneti lm is deposited at the free end.
FIG. 2: a) Dependene of the resonane frequeny of the oupled motion on the FMR frequeny ω
m
of the unoupled magnetization and b) the orresponding osillator strength of eah resonane in
arb. units plotted by full lines and its width plotted by dashed lines (ω
e
= 10MHz, ∆ω ∼ 500 KHz,
α = 0).
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